INTRODUCTION
The homeostatic control of blood pressure is mediated through the baroreceptor reflex. This feedback control system maintains arterial blood pressure during hemorrhage, postural changes, and exercise. Signals from the baroreceptors are conveyed by branches of the glossopharyngeal and vagus nerves toward the nucleus tractus solitarius (NTS). They are then sent to the caudal ventrolateral medullary nucleus (CVLM) and the nucleus ambiguus. The CVLM projects inhibitory neurons to the rostral ventrolateral medullary nucleus (RVLM), an area containing presympathetic neurons that innervate the intermediolateral cell column in the spinal cord [1, 2] . The vasomotor RVLM neurons receive GABAergic input from the CVLM that tonically inhibits bulbospinal neurons [3] . However, it should be noted that the RVLM integrates both the baroreceptor and vestibular inputs that constitute the sympathetic nerve circuitry [4] [5] [6] [7] .
In all mammalian species, the vestibular system plays an important role in controlling blood pressure and respiration during postural changes through the vestibulosympathetic reflex [8] . Excitation of the peripheral vestibular system induces functional modulation of the cardiovascular system, including changes in blood pressure, pulse rate, and blood flow to the extremities [9] . Electrical or selective natural stimulation of peripheral vestibular receptors induces an increase in sympathetic nerve activity [8, 10] . In humans, caloric vestibular stimulation also increases sympathetic nerve activity [11] , and stimulation of the otolith organs by linear acceleration causes transient changes in systolic blood pressure. These changes are attenuated in patients with bilateral vestibular lesions [12, 13] . Galvanic vestibular stimulation also significantly increases muscle sympathetic nerve activity [14, 15] . Thus, data from both experimental animals and humans indicate that the vestibular system contributes to the sympathetic control of blood pressure.
The caudal portion of the medial vestibular nucleus (MVN) and the inferior vestibular nucleus receive afferent signals from the otolith organs as well as the semicircular canals. Both nuclei project to the caudal brainstem sites that are involved in the regulation of sympathetic outflow, including the NTS and RVLM [16, 17] . Vestibulosympathetic neural pathways have been identified electrophysiologically in the muscle and renal sympathetic nerves. Central vestibular neurons mediating the vestibulosympathetic reflex have also been demonstrated [18] .
Humoral factors as well as neurogenic factors play an important role in the regulatory control of blood pressure. For example, it is well known that epinephrine released from the adrenal gland strongly influences the control of blood pressure [19] . It has been previously postulated that the modulation of blood pressure by the vestibular system can be mediated by the adrenal gland as well as by the sympathetically-mediated release of vasoconstrictive substances. Nevertheless, a relationship between activation of the vestibular system and secretion of epinephrine has not yet been demonstrated.
Previous studies in our laboratory have shown that sodium nitroprusside (SNP)-induced hypotension increases neuronal activity, expression of c-Fos protein, and glutamate release in the MVN and the RVLM [20] [21] [22] [23] [24] . This indicates that SNP-induced hypotension influences the activity of neurons in the MVN by increasing afferent signals from the peripheral vestibular receptors. And afferent signals from the peripheral vestibular receptors following hypotension are transmitted to the RVLM through the MVN. Therefore, it is postulated that SNP-induced hypotension may produce the vestibulosympathetic reflex by activation of the sympathetic nerves through the intermediolateral cell column in the spinal cord and secretion of epinephrine in the adrenal gland. However, systemic research on the vestibulo-spino-adrenal (VSA) projections has not been conducted.
It is likely that the VSA projections can be incorporated as part of the basic strategy in the mechanistic treatment of orthostatic hypotension. In the current study, we directly tested the functional connectivity of the VSA projections in the modulation of blood pressure via the vestibulosympathetic reflex with the use of immunohistochemical and enzyme immunoassay methods. c-Fos protein, which is expressed in response to a variety of stimuli in neurons of the central nervous system and is considered a useful marker for detecting changes in neuronal activity [25] , was measured in the spinal cord following SNP-induced hypotension. Immunohistochemical data were used to delineate functional connections in the vestibulo-bulbo-spinal pathway between the vestibular nuclei and the spinal cord. Blood epinephrine levels were also measured following SNP-induced hypotension to investigate the extent of functional connectivity involved in the vestibulosympathetic reflex between the vestibular nuclei and the adrenal gland. Further, functional connections between the RVLM and the spinal cord were measured to clarify the sympathetic projections. Since the expression of c-Fos protein in the spinal cord is known to be strongly affected by anesthesia [26] , conscious animals were used during all experiments. Sinoaortic denervation (SAD) was performed to eliminate the influence of the baroreceptor reflex following hypotension.
METHODS

Animals
Adult male Sprague-Dawley rats (Changchun, China) weighing 220∼250 g were used. All animal protocols and procedures described were performed in accordance with the rules and regulations of the Animal Research Committee of the Yanbien University. The animals had free access to food and water. All possible efforts were made to minimize the number of animals used and suffering. The rats were divided into the MVN group and the RVLM group, and each group was subdivided into six groups for immunohistochemical analysis and epinephrine detection (n=7 per group): ACSF, NMDA, AMPA, ACSF+SNP, MK-801+SNP, and CNQX+SNP groups. All rats had previously undergone SAD surgery, and all experimental observations were conducted in conscious animals.
SAD surgery
Under isoflurane anesthesia (Ilsung Co., Seoul, Korea), the carotid sinus nerve was sectioned bilaterally following a midventral incision in the neck. The internal, external, and common carotid arteries were stripped of connective tissue at the level of the bifurcation and painted with 10% phenolethanol in order to denervate the carotid sinus. For aortic arch denervation, the aortic arch nerve was severed bilaterally proximal to its junction with the vagus nerve [27] . After the surgery, the animals breathed spontaneously without significant changes in their respiratory rhythm. SAD was performed 24 h prior to experimentation.
M icroinjection of drug
The rats were anesthetized with isoflurane and placed in a stereotaxic frame (Narishige, Tokyo, Japan). In the MVN group, the skull was exposed and a trocar sheath for microinjection (Terumo, Tokyo, Japan) was stereotaxically implanted into the left MVN according to a rat atlas [28] : antero-posterior, −12.3 mm from bregma; latero-medial, 0.6 mm from midline; and dorso-ventral, 5.6 mm from skull. In the RVLM group, a trocar sheath for microinjection was implanted into the left RVLM: antero-posterior, −12.7 mm from bregma; latero-medial, 2.4 mm from midline; and dorso-ventral, 7.3 mm from skull. ACSF, NMDA, AMPA, MK-801, or CNQX was injected into the MVN or RVLM at a concentration of 1 mmol/L and a volume of 10 μL. Microinjections were administered by a micro-amount thruster (Harvard Apparatus, Holliston, MA, USA), and all rats were conscious at the time of injection. Ten minutes after microinjection of drugs, hypotension was induced by infusion of SNP. After experimentation, the microinjection site was confirmed in the MVN or RVLM by histological examinations according to a rat atlas [28] .
SNP-induced hypotension
Under isoflurane anesthesia, two heparinized polyethylene tubes were inserted into the femoral artery for the recording of blood pressure and into the femoral vein for SNP infusion. The tubes were guided toward the skull percutaneously, fixed to the skull, and connected to the tubes of a cybernation metabolism cage to allow free movement during the experiment. Blood pressure was recorded from the femoral artery using a pressure transducer and physiological recorder (Grass model 7400, Grass Technologies, Warwick, RI, USA). SNP was infused over 3 min at a dose of 15 μg/(kgㆍmin). This resulted in a blood pressure decrease of 30∼40 mmHg during this period.
Immunohistochemistry
Immunohistochemical analysis of c-Fos protein expression was performed as described previously [29, 30] . Deep anesthesia was induced with an overdose of sodium pentobarbital 90 min after MVN or RVLM microinjection of glutamate agonists or infusion of SNP, and the animals were perfused transcardially with 500 mL of 0.9% NaCl at C. The bound complex was visualized by incubating the tissue with diaminobenzidine. Finally, sections were dehydrated, dipped in xylene, and mounted with a coverslip using Permount (Fisher Scientific; Pittsburgh, PA, USA). The c-Fos-positive neurons in the T4-T7 spinal cord region were counted using a digital image analysis system (Image-Pro; Media Cybernetics, Silver Spring, MD, USA) at four different levels in a rostral-to-caudal continuum.
Analysis of epinephrine secretion
Blood samples were obtained from the femoral artery immediately after MVN or RVLM microinjection of glutamate agonists or SNP infusion, and collected in polyethylene tubes containing ethylenediaminetetraacetic acid as an anti-coagulant. Samples were centrifuged at 3000 rpm for 10 min at 4 o C. The supernatant was then aspirated and frozen immediately at −25 o C. The analysis of epinephrine secretion was performed by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (TSZ Scientific LLC, Lexington, MA, USA). Both the intraand inter-assay variabilities were lower than 10%.
Data analysis
Stat View version 11.5 software for SPSS (SPSS Inc, USA) was used for all statistical procedures. All data are expressed as the mean±standard deviation of the mean (SD). Differences were identified using multivariate analyses of variance. A significance level of p＜0.05 was used in all experiments. Fig. 1 and 2 ). tension increased the number of c-Fos positive neurons in the spinal cord to 37.2±4.7 as compared to the normotensive rat levels of 6.3±0.2. Pretreatment with microinjection of a glutamate receptor antagonist, MK801 or CNQX, into the RVLM significantly decreased the number of c-Fos positive neurons to 8.3±6.6 or 7.2±1.6, respectively, after SNP-induced hypotension as compared to the ACSF + SNP group ( Fig. 3 and 4) .
RESULTS
The effect of MVN glutamate on secretion of epinephrine and blood pressure
Secretion of epinephrine was measured following drug modulation of MVN activity in order to measure the functional connectivity between the MVN and the adrenal gland in the control of blood pressure by the vestibular system. Microinjection of glutamate receptor agonists into the MVN was used to induce epinephrine secretion. In rats microinjected with ACSF into the MVN, the level of epinephrine secretion was 77.8±3.0 pg/mL. However, microinjection of glutamate receptor agonists into the MVN significantly increased the epinephrine secretion as compared to ACSF microinjection, with NMDA increasing the levels of epinephrine to 88.2±5.0 pg/mL and AMPA increasing the levels to 97.5±8.3 pg/mL. The effect of glutamate receptor antagonists on epinephrine secretion was also investigated following SNP-induced hypotension. SNP-induced hypotension resulted in increased epinephrine secretion in rats receiving microinjection of ACSF into the MVN when compared to the normotensive rats receiving microinjection of ACSF. Pretreatment with microinjection of ACSF into the MVN raised epinephrine secretion to 91.6±11.2 pg/mL following SNP-induced hypotension, which was higher than the secretion in normotensive rats (77.8±3.0 pg/mL). However, pretreatment with microinjection of glutamate receptor antagonists significantly decreased epinephrine secretion following acute hypotension compared to microinjection of ACSF. Pretreatment with microinjection of MK-801 decreased epinephrine secretion following SNP-induced hypotension to 79.4±7.6 pg/mL, and CNQX decreased it to 72.6±1.2 pg/mL (Fig. 5A) .
The basal range of systolic and diastolic blood pressure was 103∼116 mmHg and 72∼84 mmHg, respectively, before drug treatment. However, microinjection of glutamate receptor agonists into the MVN increased blood pressure as compared to control levels (Fig. 6 ).
The effect of RVLM glutamate on secretion of epinephrine
Microinjection of ACSF into the RVLM induced epinephrine secretion at a level of 75.1±2.9 pg/mL. However, microinjection of glutamate receptor agonists into the RVLM significantly increased the epinephrine secretion as compared to ACSF microinjection, with NMDA increasing the levels of epinephrine to 81.9±1.9 pg/mL and AMPA increasing the levels to 92.2±1.3 pg/mL. SNP-induced hypotension resulted in increased epinephrine secretion in rats receiving microinjection of ACSF into the MVN when compared to the normotensive rats receiving microinjection of ACSF. SNP-induced hypotension after pretreatment with ACSF into the RVLM raised epinephrine secretion to 92.5±3.0 pg/mL, which was higher than the secretion in normotensive rats (75.1±2.9 pg/mL). However, pretreatment with microinjection of glutamate receptor antagonists into the RVLM significantly decreased epinephrine secretion following SNP-induced hypotension compared to pretreatment with ACSF. Pretreatment with microinjection of MK-801 decreased epinephrine secretion to 82.1±1.8 pg/mL, and CNQX decreased it to 78.7±4.2 pg/mL (Fig. 5B) .
DISCUSSION
The major source of descending drive to the sympathetic preganglionic neurons of the spinal cord is the spinally-projecting neurons in the RVLM [31] . Excitation of the RVLM increases blood pressure and sympathetic vasomotor tone, whereas inhibition of the RVLM decreases blood pressure. The activity in the bulbospinal sympathoexcitatory pathways [32] is modulated by afferent signals from both the baroreceptors and vestibular receptors. Since glutamate is a major excitatory neurotransmitter in the vestibular nuclei, microinjection of glutamate receptor agonists into the MVN causes excitation of the vestibular nuclear neurons [33] . The MVN sends direct projections to the RVLM, which is involved in the regulation of sympathetic outflow [17, 34] . In turn, the RVLM sends excitatory projections to the sympathetic pre-ganglionic neurons in the intermediolateral cell column of the spinal cord [1] . Therefore, stimulation of the MVN may produce excitation of the sympathetic preganglionic neurons in the spinal cord through the bulbospinal sympathoexcitatory pathways (Fig. 7) . In our previous studies, SNP-induced hypotension increased neuronal activity and glutamate release in the MVN [21] [22] [23] [24] . Moreover, connections between the vestibular system and the RVLM following SNP-induced hypotension in SAD animals were investigated [20] . In the current study, SNP-induced hypotension increased the expression of c-Fos protein in the spinal cord, which is consistent with the effects of glutamate receptor agonist microinjection into the MVN. That is, microinjection of glutamate receptor agonists, NMDA and AMPA, into the MVN increased expression of c-Fos protein in the intermediolateral cell column of the middle thoracic spinal regions. This region provides the major source of input to the adrenal gland [35] . Minson et al. [36] reported that SNP-induced hypotension increased the expression of c-Fos protein in the RVLM and spinal cord. They demonstrated the bulbospinal projections immunohistochemically, following unloading of the baroreceptors by SNP-induced hypotension, but they did not describe the role of the vestibular system in sympathetic modulation following hypotension. SNP-induced hypotension produces excitation of the MVN neurons, and then this excitatory signal is transmitted to the sympathetic preganglionic neurons in the spinal cord through the RVLM, constituting the vestibulo-bulbo-spinal projections. Interestingly, pretreatment with microinjection of glutamate receptor antagonists, MK-801 and CNQX, into the MVN prevented the hypotension-induced excitation of MVN neurons. This resulted in decreased expression of c-Fos protein in the spinal cord following SNP-induced hypotension.
c-Fos-positive neurons in the intermediolateral cell column of the middle thoracic spinal regions are mainly sympathoadrenal neurons [35] . Epinephrine is released from the chromaffin cells of the adrenal medulla. The increased c-Fos protein expression in the sympathoadrenal neurons induced by hypotension suggests that epinephrine is likely released in response to hypotension. This result is consistent with a previous study, in which elevated plasma epinephrine concentrations were associated with the activation of sympathoadrenal neurons as revealed by c-Fos immunoreactivity [37] . Microinjection of glutamate receptor agonists, NMDA and AMPA, into the MVN increased blood levels of epinephrine. SNP-induced hypotension also increased blood levels of epinephrine; however, pretreatment with microinjection of glutamate receptor antagonists, MK-801 and CNQX, into the MVN abolished this increased epinephrine secretion. Moreover, blood pressure was increased following microinjection of glutamate receptor agonists into the MVN, which was different from our previous study [38] . The difference is likely related to the dose of glutamate receptor agonists which was injected into the MVN. These results suggest that the functional connections between the vestibular nuclei and the adrenal gland maintain blood pressure following hypotension. The response pattern of epinephrine secretion by stimulation of the MVN was consistent with the expression of c-Fos protein in the spinal cord. Moreover, the response pattern of both c-Fos protein expression and epinephrine secretion in the MVN group was very similar to that in the RVLM group, which provides indirect evidence that the vestibulospinal sympathetic pathway is mediated via the RVLM. Taken together, our results and the literature propose that the VSA axis maintains blood pressure following hypotension. Furthermore, the neural connections involved are mediated by the glutamatergic NMDA and AMPA receptors.
Although the involvement of the VSA axis in the vestibulosympathetic reflex represents an acute response pathway, secretion of epinephrine from the adrenal gland must involve a time delay in order to control blood pressure during postural movements. Adequate control of blood pressure by the vestibulosympathetic reflex would hence require involvement of both the neurogenic and humoral pathways. The neurogenic pathway of the vestibulosympathetic reflex on blood pressure control involves the direct stimulation of blood vessels via sympathetic nerves such as the renal nerve, muscle vasoconstrictor efferents, and nerves to the extremities [14, 39] . Electrical stimulation of the vestibular nerve elicits a patterning of sympathetic nerve activity, and can lead to distinct immediate changes in local blood flow. On the other hand, the humoral pathway is mediated by epinephrine secretion from the adrenal gland; it produces a delayed response on blood pressure as compared to the neurogenic pathway. Therefore, the vestibular system can modulate blood pressure through both the adrenal gland and the sympathetic nerves.
In summary, both microinjection of glutamate receptor agonists into the MVN or RVLM and SNP-induced hypotension increase the number of c-Fos positive neurons in the intermediolateral cell column of the middle thoracic regions. Pretreatment with microinjection of glutamate receptor antagonists into the MVN or RVLM can prevent the increased number of c-Fos positive neurons following SNP-induced hypotension. These results are consistent with the existence of functional connections between the vestibular nuclei and the sympathetic preganglionic nerves, known as the vestibulospinal sympathetic pathway. Both microinjection of glutamate receptor agonists into the MVN or RVLM and SNP-induced hypotension increase circulating epinephrine levels, and this is prevented by pretreatment with microinjection of glutamate receptor antagonists into the MVN or RVLM. This further indicates the presence of functional connections between the vestibular nuclei and the adrenal gland. Hence, the VSA axis is proposed to be a key component of the pathway used by the vestibulosympathetic reflex to maintain blood pressure during postural movements. Further research is required to determine whether other nuclei groups also participate in this neural pathway.
